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(U)| The determination ;;/p*/performance of the air-augmented hydra-

zine/pentaborane system was comducted in a permanent micromotor test facility.

The newly-¢onstructed faci
air and ingludes equipme
exhaust p cts.

y employs electrically-heated, clean secondary
for collection of solid and gaseous secongdary
FoE

-

o

(C) “The c*,performance of the air-augmentation sta ";as determined
in two flight simuﬁktion regimes. In the sea leveI/Mzépzf?;‘regime (200
psia chamber pressure/800°F air-temperature), the c* pérformance efficien-
cies were 96-99% of theoretical at air-to-propellgwf ratios of 8:1, 16:1,
and 50:1. Chemical analysis indicated complete,€ombustion of all primary
exhaust products, including boron nitride i;ﬁfgiemental bgron. In the
40,000 ft/Mach 4.0 regime (50 psia chambexAHressure/1500°F air-temperature),
the c* performance was 91-927 of theoregfcal at air-to-propellant ratios of
8:1 and 16:1. Chemical analysis indigfted high boron nitride combustion
efficiency but very low elemental héron combustion efficiency. Low chamber
pressure and low residence time ere concluded to be major contribut-
ing factors to the low elemen boron combustion efficiency and reduced

c* pcrformance efficiency. high water concentration in the secondary
chamber, resulting from sg€ondary hydrogen combustion, appears to contri-
bute significantly to high combustion efficiency of the boron and

boron nitride.’) In a tion, chamber pressures in excess of 50-75 psia
appear to be requirgd to ensure efficient elemental boron combustion. s

(C)VWA mddel describing the secondary combustion process has been
developed. e model reflects the importance of water vapor and high
chamber pregsure in promoting high combustion efficiency and high perfor-

mance jﬁﬁﬁciency of boron-containing pIOPEIlantj/W
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SECT1ON I

INTRODUCTION

(U) Air-augmented rockets offer significant improvement in specific
impulse over conventional rockets. The improvement is realized through two
important mechanisms: First, by addition of the air mass to the exhaust
stream and, second, by achieving additional combustion of the primary rocket
exhaust when the primary rocket is operated in an under-oxidized condition.
Therefore, primary propellant systems which produce exhaust products that
may be oxidized further in air are attractive for air-augmentation applica-
tions.

(U) The pentaborane/hydrazine propellant system is especially
attractive in thet the exhaust of this system consists chiefly of hydrogen,

boron nitride, and boron. If significant combustion of these exhaust products

can be achieved in air, a system of exceptional performance may be realized.

(U) The objective of this program was to establish the combustion
characteristics in air of the exhaust products of the pentaborane/hydrazine
system. A study of the combustion was conducted using a specially designed
liquid micromotor. The test variables which were investigated included the
following:

1. Temperature and pressure of the secondary air, simulating
both low altitude/moderate Mach number, 2.5, and high altitude/high Mach
number, 4.0.

2. Alr-to-propellant-weight flow ratios in the range 8:1 to
50:1.

3. Primary propellant mixture ratio (NoH,/BgHg) of 1.27.

4. Composition of secondary air, i.e., air or nitrogen.

(U) Test measurements whici were required inciuded the following:

1. Propellant and air flow rates.

2. Air inlet temperature and pressure.

3. Primary and secondary chamber pressures.

4. The extent of conversion of the boron nitride and boron to

boron oxides, by collection and analysis of the exhaust products.

Characteristic velocity and chamber temperature were calculated based on
these test measurements and a combustion model has been developed to
describe the secondary combustion phenomena.
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SECTION II
SUMMARY
(U) The technical effort on this program was divided into three phases.

The work performed and the results and their significance are summarized below,
as are recommendations for future work.

1. PHASE I, DESIGN, FABRICATION AND INSTALLATION OF MICROMOTOR TEST
FACILITIES
a. Design Requirements and Test Site Preparation

(U) A permanent air-augmentation facility was designed and
installed in the Research Physics Laboratory of the Propulsion Division.
Several equipment additions and modifications were made to provide the
necessary services for the establishment of the micromotor facilities and
for the execution of the experimental program.

(U) An air-handling system was designed and installed to provide
electrically-heated air for the experimental study. These facilities consisted
of an air compressor, storage tank, and an air-heater, employing a 425 KW power
supply. Propellant storage tanks and cooling-water supply tanks were also
installed.

b. The Liquid Micromotor

(U) The various components of the liquid micromotor were designed,
fabricated and installed in the test area. These components included the pri-
mary bipropellant and igniter injectors, the weter-cooled primary combustion
chamber, the secondary air-injector, and the water-cooled secondary combustion
chamber and replaceable nozzles. A second water-cooled secondary combustion
chamber with provision for the installation of thermocouples was fabricated.

c. Exhaust Handling and Sampling System

(U) A water-cooled duct was installed to conduct the exhaust pro-
ducts from the exit of the secondary nozzle to a bag filter for separation and
collection of the solid exhaust products. In addition, Pitot-type sampling
assemblies were installed in the exhaust duct to permit acquisition of
auxillary samples of both solid and gaseous exhaust products for chemical
analysis.

d. System Calibration and Preliminary Tests

(U) Critical instrumentation was calibrated prior to and during
the test program. These calibrations were required to assure the accurate
measurement of the test variables. Preliminary tests were conducted to
develop operating procedures and to establish precise control of test vari-
ables.

UNCLASSIFIED
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2: PHASE II, DETERMINATION OF COMBUSTION CHARACTERISTICS IN
AIR OF THE EXHAUST PRODUCTS OF THE HYDRAZINE/PENTABORANE SYSTEM

a. Performance of the Hydrazine/Pentaborane
Bipropellant System

(C) The test apparatus was designed to permit the simultaneous
study of the performance of the primary bipropellant system and the air-
augmented propellant system. A total of 17 tests was made in this portion
of the study. The data showed that, under the test conditions, c* perfor-
mance efficiencies of about 85% of theoretical were realized. These results,
consistent with similar studies of the bipropellant system, indicated that
the primary combustion process is kinetically limited through the incomplete
conversion of the available boron to boron nitride. Thermal decomposition of
pentaborane and monopropellant decomposition of hydrazine also decreased the
combustion efficiency significantly.

(U) The performance efficiencies determined from measurements
in the primary combustion chamber were verified in the secondary performance
efficiencies determined from tests wherein nitrogen was used as the augment-
ing gas. The excellent agreecment of these results attest the ability of the
test equipment to yield reliable data and the reliability of all of the
performance data.

b Performance of the Secondary Combustion of
the Hydrazine/Pentaborane Exhaust

(C) Tests were conducted under conditions which simulated two
flight regions: (1) Mach 2.5 at sea level, using 800°F inlet air at 200 psia
chamber pressure; and (2) Mach 4.0 at 40,000 ft, using 1500°F inlet air at
50 psia chamber pressure. Characteristic velocity, c*, efficiencies of
96-997% prevailed in the tests simulating sea level/Mach 2.5. Although air-
to-propellant ratios of 8:1, 16:1 and 50:1 were employed in these tests, no
significant change in c* efficiency was observed; c* cfficiencies of about
857 were obtained in corresponding nitrogen tests. These results indicated
that very nearly complete combustion of all exhaust products, including the
solid boron and boron nitride, occurred in the secondary combustion chamber
Furthermore, the severe reduction in chamber temperature resulting from
high air flow rates did not adversely affect the combustion efficiency
significantly.

(C) The c* efficiencies obtained in the tests simulating
40,000 ft/Mach 4.0 flight were somewhat lower, i.e., 91-92%. No noticeable
change in c* efficiency was observed to result from changing air-to-propellant
ratio from 8:1 to 16:1. The c* efficiency for the corresponding nitrogen run
was 867%. The lower performance efficiencies obtained in these tests indicated
poor combustion efficiency of one or more of the solid components of the
hydrazine-pentaborane exhaust.
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c. Chemical Analysis of Exhaust Products

(U) Samples of both solid and gaseous products of the secondary
combustion were collected in several tests. The tests selected were repre-
sentative of all three levels of air-to-propellant ratios in both flight
simulation regimes. Chemical analyses were conducted according to a procedure
which was developed specifically for these types of samples.

(C) The chemical analyses of the solid exhaust products in the
200 psia/800°F air tests showed only very small amounts of boron and boron
nitride to be present. In tests at air-to-propellant ratios of 8:1 and 16:1,
96-997% of the available boron (B and BN) in the primary exhaust was burned
in air. However, in the 50:1 air-to-propellant ratio test, only 80% of the
available boron was burned.

{C) Analyses of the solid products from the 50 psia/1500°F-air
tests showed a high elemental boron content and extremely low boron nitride
content. At air-to-propellant ratios of 8:1 and 16:1, in the low chamber
pressure regime, only about 55% of the available boron was burned.

(C) These analytical data indicated that high performance effi-
ciencies were obtained in the high pressure regime because of complete combus-
tion of the available hydrogen, boron, and boron nitride. In the low pressure
regime, the performance of the secondary combustion system suffers from the
inhibition of elemental boron combustion.

(C) The results of the chemical analyses indicate that the
overall combustion efficiency and the c* performance efficlency is affected
by the chamber pressure. The combustion of elemental boron is very sensi-
tive to the chamber pressure; incomplete combustion occurs at 50 psia and
virtually complete combustion occurs at 200 psia. The presence of water
vapor, resulting from hydrogen combustion in the secondary combustion
chamber, also promotes the combustion of boron nitride and boron.

d. Temperature Profile Measurements in the
Secondary Combustion Chamber

(U) Temperature profile measurements were made along the length
of the secondary chamber to determine both the progress of mixing in the
chamber and the progress of the combustion reactions. The measurements were
made with two sets of four tungsten-rhenium thermocouples, one set in-line
with the air-inlet ports, the other midway between air-inlet ports. '

(U) The temperature profiles obtained from the two sets of ther-
mocouples were substantially different in shape and demonstrated the nonhomoge-
neity of the temperatures at the various sections along the secondary chamber.
Prefire profiles obtained with both nitrogen and air showed very similar mix-
ing and cooling patterns.
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(U) The steady-state profiles obtained at air-to-propellant ratios
of 8:1 and 16:1, in both low altitude/Mach 2.5 and high altitude/Mach 4.0
tests, showed that mixing of the gases was completed at a point near Station 4,
about 12 inches from the air inlet ports. In the 40:1 air-to-propellant ratio
tests, the profiles show that mixing was not completed until well downstream
of Station 4, and may not have been completed within the secondary chamber.
The increased severity of the cooling effect of the augmenting gas at the
higher air to propellant ratios was also observed.

(C) The temperature profiles also showed, in the low altitude/
Mach 2.5 tests, that the initial combustion of bhydrogen occurs very near the
air inlet with the production of extremely high temperatures. The
oxidation of the hydrogen and combustion of the solids continue as the plasma
proceeds downstream. The entire process, both mixing and combustion, is nearly
complete near Station &.

(U) Temperature profiles in the high altitude/Mach 4.0 tests were
substantially different from those in the low altitude/Mach 2.5 tests. 1In the
former, the initial high temperatures near Station 1 were somewhat lower and
the downstream temperatures somewhat higher. These profiles indicated that
the higher linear velocity of the plasma and lower chamber pressure caused a
downstream shift in the combustion temperature profile.

(U) The temperature profile measurements showed that the mixing
process was virtually completed in the secondary chamber under all conditions
studied, except the very high air-to-propellant ratios.

3 PHASE III, INTERPRETATION OF MICROMOTOR TEST RESULTS
a. Primary Combustion Process

(C) The results of the present investigation are consistent with
the findings of an extensive study of the hydrazine/pentaborane bipropellant
system made several years ago. In that study it was found that the reaction

proceeds by the initial formation of one or more adducts, e.g., BSH9'2N2H4°

The highly exothermic decomposition of the adducts produces hydrogen, boron
nitride, and elemental boron. Whereas thermochemical calulations predict

that the elemental boron and nitrogen will react to form boron nitride, this
reaction proceeds much too slowly to be of significance in the primary chamber.
Also, pentaborane thermally decomposes to form elemental boron and hydrogen.
Thus, any pentaborane decomposition of this type which occurs prior to the
formation of an adduct results in a loss of efficiency.

b. Secondary Combustion Process
(U) A model of the secondary combustion process has been developed

on the basis of the experimental data obtained in this study. The combustion
model provides important information regarding the performance of the air-

CONFIDENTIAL



CONFIDENTIAL

augmented hydrazine/pentaborane system. However, its greater significance
lies in its utility in identifying and emphasizing the more important para-

meters affecting the performance of boron-loaded propellants in air-augmented
applications,

(C) The initial process, that of mixing of the primary exhaust
and secondary air occurs to a significant extent in the vicinity of the air-
injector. The mixing is performed by the development of eddy currents and
molecular diffusion as the gas streams impinge and move downstream. Thus,
fuel-rich and oxidizer-rich regions of rapidly changing composition are
formed within the initial mixing zone. Within these regions, expecially
the oxygen-rich regions, ignition and combustion of hydrogen occurs. As
the diffusion of the streams and combustion of hydrogen continue, the con-
centration of the water vapor increases, and the combustion of the boron
nitride becomes more significant. As the particle temperatures increase,
due to combustion with water and oxygen, the combustion of boron becomes
significant. It is suggested that water vapor, or perhaps other hydrogen-
oxygen species such as OH and HOj, may serve as oxygen carriers for the

combustion of the solid particles.

(C) Higher chamber pressures improve the kinetics of the solid
combustion both by increasing the rate of adsorption of the oxygen bearing
species on the particle surface and by increasing the residence time of the
reacting plasma. The presence of water vapor in the system improves the

kinetics of the solid combustion by providing the particles with an environ-
ment rich In reactive oxygen-bearing species.

4, RECOMMENDAT IONS

(C) Based on the results obtained on the present program, it is
recommended that a comprehensive study be made of several boron-containing,
air-augmented propellant systems. Four systems which presently show merit
from a theoretical performance standpoint and from their potential ability
to shed more light upon the inherent nature of air-augmented boron combus-
tion are: (1) the hydrazine/pentaborane system at low mixture ratios from
0.1 to 1.0 and at air-to-propellant ratios up to 50:1; (2) the hydrazine/
boron-loaded pentaborane system at various primary mixture ratios, boron-
loading levels and air-to-propellant ratios; (3) chlorine trifluoride/boron-
loaded pentaborane system at several low-primary mixture ratios, boron-loading
levels and air-to-propellant ratios; and (4) the chlorine trifluoride/ATF-2
system at several low-primary-mixture ratios and air-to-propellant ratios.

(U) The research should include the determination of characteristic
velocity, thrust, specific impulse, secondary chamber temperature profiles
and secondary exhaust composition. Examination of the effects of chamber
pressure, flight Mach number, and the catalytic action of combustion species
on the combustion efficiency of boron should provide valuable information
regarding the development of promising propellant systems for air-augmentation
applications, be they based on liquid or solid primary propellant systems.
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SECTION III

TECHNICAL DISCUSSION

(U) The program was divided into three phases: Phase I, Design,
Fabrication and Installation of Laboratory Micromotor Facilities; Phase 11,
Determination of the Combustion Characteristics in Air of the Exhaust Pro-
ducts from the Pentaborane/Hydrazine System; and Phase III, Interpretation
of Micromotor Test Results. The work performed and the results and their
significance are discussed in this section.

1. PHASE I, DESIGN, FABRICATION, AND INSTALLATION OF
LABORATORY MICROMOTOR FACILITIES

(U) Phase I was concerned with the design, fabrication, and installea
tion of the liquid micromotor. The micromotor was used for the determination
of characteristic velocity, c*; for the determination of exhaust product
composition, both gaseous and solid; and for the measurement of the tempera-
ture profiles in the seconday chamber.

(U) The test site for the experimental combustion studies was the
Research Physics Laboratory of the Propulsion Division. Several additions
to and modifications of the existing facilities were made to provide a
permanent air-augmentation test facility.

a. Design Requirements and Test Site Preparation

(U) A schematic diagram of the mechanical system required for
the execution of the experimental effort is shown in Figure 1. The mechani-
cal facilities may be divided into 5 main sub-systems: (l) secondary air i
handling and heating; (2) primary propellant; (3) cooling water supply;
(4) micromotor; and (5) exhaust handling and sampling.

(1) Secondary Air Handling and Heating Sub-System
(a) Air Storage and Compression

(U) Test firing durations of up to 60 sec were initially
anticipated at low air-flow for the 8:1 air-to-propellant ratio and of 10-15
sec at high air-flow for the air-to-propellant ratio as high as 40:1. Supply {
air-pressure was established by the total of chamber pressure, injector ;
pressure-drop, line frictional resistance, the large pressure-drop across an )
acoustic nozzle used to establish the air flow-rate, and the pressure-drop
across the high pressure regulator supplying constant pressure to the
acoustic nozzle.

(U) The air supply-vessel was required to be of this
minimum capacity plus a sufficient excess to provide time for stabilization
of air flow-rate and temperature. The vessel selected had a capacity of
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15 cu ft and was capable of supplying clean air or nitrogen at 6000 psia. The
excess capacity was desired in order to minimize variation in air flow-rate
that would be caused by dropping supply-pressure to the controlling high-
pressure regulator. By using this system, a drop in supply pressure from
3000 psia to 2400 psia resulted in essentially no change in air flow-rate

to the heater.

(U) A choice was available for primary air supply.
Dry air could be purchased in cylinders at 2200 psia, with the advantage
of being readily available ana of a given quality, or a compressor could
be installed. The inherent disadvantages in the former approach were the
considerable labor involved in changing cylinder banks, the probable time-
loss in delivery, and the fixed low supply-pressure. Therefore. a 10 HP,
three-stage compressor was installed, with a capability of 15 SCFM and a
delivery pressure of 5000 psia. Because the presence of either water or
oil in the delivered air would be detrimental to performance analysis, a
series of condensers, knock-out traps, and a silica-gel drier were installed
between the compressor and the supply vessel. With minimum service, these
units supplied air of high purity and of fixed humidity. For those tests
requiring nitrogen, a facllity supply was available which insured a dew point
of less than 200°R.

(U) A series of calibrated sonic nozzles was selected
for measuring air flow-rate. Under suitably controlled conditions, these
devices provided reliable and reproducible flow measurement, requiring only
a pressure and temperature measurement to determine flow with an accuracy
of 1%.

(b) Air Heater

(U) Three of the possible methods of heating the aug-
menting air were given careful consideration: A direc:i-fired pebble-bed, an
electrically-heated pebble-bed, and a resistance-heated tubular system. The
direct-fired bed would produce the maximum temperature but with the serious
faults of a dropping run-temperature, possible bed attrition, and gas con-
tamination. The electrically-heated bed would eliminate only the last
fault. The potential problem areas for a resistance heated tube were
temperature limitation, power requirements, mechanical limitations at high
temperature, and the balance of electrical resistance with the heat trans-
mission rate. Calculations showed that only a few alloys would provide
adequate electrical resistivity and the high yield strength required under
the projected temperature and pressure conditions.

(U) The resistance heating system was selected, pri-
marily because a large power supply was available. The safety and working-
comfort aspects of this system, although not overriding, were much superior
to the existance of a very hot body in the test bay for a significant time
period.

UNCLASSIFIED
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(U) The heater, as designed, consisted of two elements,
p each with a separate power source, The first element consisted of approximately
30 ft of 1" dia Type 316 stainless steel and the second consisted of a similar
length of 1-1/2" dia Inconel tubing. Each section was thermally insulated
with 1/4" of Fibrefrax felt paper and was covered with preformed 85%-magnesia
insulation. Thermal integrity of the insulation under the conditions of opera-

P tion was found to be good. Mechanical strength of the stainless steel section 1
was adequate and no scaling was observed. The Inconel section showed no weak- .
ness. 4

(U) Joule-Thompson expansion effect across the air
regulator was found to produce a relatively minor drop in gas temperature.
Temperature, after expansion, varied from O°F to 25°F with an initial air
temperature slightly above ambient. Provisions were made to preheat the
supplied air if necessary; however, this was not required for the tests
described in this report.

-

(c) Air Heater Power Supply

(U) A heat-sink type of air heat-exchanger requires a
substantially lower rate of electrical power input than the tubular resistance
heater designed for this application, although total energy-input would be
greater in the heat-sink because of losses. With a calculated maximum air
flow-rate of 1.3 lb/sec, it was determined that an existing power source of ]

ORI ——— e et

425 KW would nearly satisfy the instantaneous heat required if efficient

heat-transfer were attained, An internally-extended surface exchanger would '
permit a closer approach to complete heat utilization, but at a greatly

increased cost because of the refractory metals required in the operating

temperature range.

(U) The first zone (stainless steel) of the heater
was energized by four 50 KW, 15 Volt DC, 3000 ampere units with 480 v, 3
phase primary. These are of the saturable core reactor type and were designed W
by Aerojet. The second zone (Inconel) was heated by a Ling Model RVS-75/3000
power supply of the SCR type. This is of 225 KW capacity.with a 75 volt,
3000 ampere secondary. Both units are voltage regulated and can be adjusted
in operation from a remote location in the test bay control-room on the same
console that housed the balance of the firing controls.

(2) Primary Propellant Sub-System

SN

(U) A sigﬁificant advantage of micromotor testing is the -
small quantity of propellant expended. For stable and relatively non-hazard
ous propellants such as N,0, and NoH,, run vessels may be large enough to

permit a long series of test firings without additional propellant transfer.
In the case of pentaborane, it was considered safer to use a relatively large
run-tank rather than make repeated propellant transfers and a vessel was
selected to hold three pounds of fuel.
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(U) The Ny0, and NyoH, systems were cleaned according to

standard practice and assembled with flared tube or AND 10050 fittings.
Both propellants were pressurized with a facility nitrogen supply using a
common electrically-actuated loader with each system isolated by two check
valves.

(U) The BgHg system was thoroughly cleaned and assembled

using minimally applied petrolatum as lubricant where required. Pentaborane
may ignite upon exposure to air; therefore, this system was made as leaktight
as practical, utilizing either welded connections or flared tube connections
with tube seals., After assembly the fuel system was filled with hexane and
thorougly cleaned, with actuation of all remote and hand valves, by flowing
the hexane through the propellant circuit. It was then evacuated and back-
filled with helium before receiving the fuel. Previous experience has shown
that small quantities of moisture will react with pentaborane to form solids
that tend to clog orifices, valves, and other small openings. To prevent
this, the pentaborane was filtered through a 10 micron and a 5 micron filter
in series during transfer to the run vessel. Helium was used as the pressur-
izing gas. During the series of test firings, no problem was encquntered due
to solids in the system. Flowmeters and pressure transducers removed from
the system after the test series showed no indication of solids buildup.

The injector was removed for cleaning after each firing and it 1is signifi-
cant that the line and a check valve immediately upstream of the injector
developed solids which caused complete clogging of the check valve on

several occasions, notwithstanding a long purge following each shutdown.

(3) Cooling Water Supply

{(U) Both chambers of the combustor were water cooled.
The exhaust gases from the secondary chamber were to be filtered through a
glass fiber bag system that had a temperature limitation of approximately
600°F; therefore, a cooling section was required between the secondary
nozzle and the filter. To obtain high heat transfer rates in these sections,
a high annular velocity was required in the jacket which introduced a high
pressure-drop through the water system. Water was supplied at 750 psi from
a vessel located in the test bay. Each of the three cooling zones was
separately regulated to provide approximately a 500 psi pressure-drop through
the jackets and valving. Deionized water was used to minimize scale forma-
tion and interference with thermocouples located at four points in the water
circuit. A total water flow-rate in excess of 10 gal/min was used for all
firings.

b. Instrumentation Requirements

(U) A relatively complex instrumentation facility was employed
for data acquisition in this study. A schematic diagram of the instrumenta-
tion is shown in Figure 2. Ten pressure charinels were employed and records
were made of run tank pressures, injector pressures, venturi, and chamber
pressures. As many as }5 thermocouples were monitored simul taneously,

11
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including secondary chamber temperature profile measurements. Three turbiue
meters were used throughout the program. Current and voltage for the two
sections of the air-heater were also recorded. In addition, several valve
and switch traces were employed and a solid-state malfunction shutdown system

was adapted for use.
» } (1) Instrumentation, General Description )

(U) A comprehensive block diagram of the instrumentation

and data acquisition system in use in the Research Physics Laboratory is 1
shown in Figure 3. Cables from transducers located on the experimental
apparatus in the test bay are routed to a central data patch system via
instrumentation drop boxes and shielded transmission lines. The inputs
and outputs of signal conditioning and calibration equipment, as well as
the end recording devices, also appear on this patch board.

(U) Forty-eight wideband differential instrumentation , 1
amplifiers are used throughout to convert low level data to the high signal
levels required for the digital recorder and oscillograph galvanometers. ]
Continuous signal shields and a single point ground system are employed to ;
maintain signal integrity exclusive of environmental conditions. 4

(U) Test parameters are recorded on a Consolidated Electro-
dynamics Corporation direct writing oscillograph and on a Consolidated Systems
Corporation analog-to-digital data conversion system. The digitized test data
is recorded on magnetic tape recorders in a format suitable for computer pro-

cessing.
w : (2) Static Pressure Measurement

(U) A six-wire pressure measurement system utilizing strain
gage pressure transducers was used. The transducers have 350-ohm bonded
strain gages in a fully-active, four-arm bridge configuration.

(U) The transducers were calibrated and standardized in
the Propellant Division's Transducer Laboratory for unipolar single arm shunt
calibration. A twenty-four channel bridge balance and shunt calibration
unit located in the control room provided simulated pressure calibration
steps of 0, 10, 25, 50 and 75 percent of transducer full scale. All channels
were calibrated simultaneously through this sequence of steps upon command
from an external master calibration control unit.

(U) Bridge excitation voltage was obtained from individual ,
precision strain gage power supplies. These units were guarded and isolated .
from the power line to preclude noise introduction into the system.

13
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(3) Thermocouple Temperature Measurement

(U) For this program three types of thermocouples were used.
Cooling-water temperatures were measured with iron-constantan thermocouples
and normal gas temperatures from ambient to 1600°F were measured with chromel-
alumel thermocouples. The secondary chamber temperatures were, in some tests,
in excess of 4000°F; special tungsten-rhenium thermocouples were used for
these measurements.

(U) Reference junctions were immersed in water and ice
baths located at the experimental site. Transmission lines to the data patch
were shielded, twisted copper pairs.

(U) Temperature system calibrations were derived from a
twenty-channel precision voltage substitution unit. Standard calibration
steps of 0, 5, 10, 25 and 50 millivolts with a 1.0 or 0.1 multiplier option
were automatically selected by the master calibration unit during pre-~ and
post-test calibrations. The temperature calibrator was standardized daily
against an internal Epply Standard Cell.

(4) Flow Measurement

(U) Two methods of flow rate measurement were used. Conven-
tional differential pressure devices such as sharp edged orifices, venturis
or flow nozzles were employed where suitable. Pressure drops were derived from
measurements made with the aforementioned pressure and thermocouple systems.
Cooling water flow rates were metered with turbine flowmeters,

(5) Data Recording

(U) A digital data conversion system is the basic source
of data in the Research Physics Laboratory. This completely solid-state
unit sequentially multiplexes up to forty-eight (48) analog data channels
and digitizes .them in a gapless BCD tape format. The 17 bit BCD output is
serialized and transmitted over coaxial cables to the Propellant Division's
Central Data Recording area. The data are reconverted to a parallel format
and reduced on Ampex digital tape recorders. Pre- and post-firing system
calibrations are recorded on the same tape just prior to and immediately
after each test. Upon completion of the recording, the raw tape is rerun

. to achieve a gapped format suitable for direct entry into the IBM System

360 data processing unit.

(U) An IBM punched card deck was made up from the instru-
mentation data-sheet submitted to the data processing group prior to testing.
This deck and the recorded data, complete with firing calibrations, were then
processed. The data processing unit derived offset, range and scale factors
from the calibrations and converted the data to engineering units. Linearity
and out-of-range checks were applied to the calibrations to énsure accurate,
meaningful data. The test data were printed in tabular form along with the

15
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appropriate parameter nomenclature, transducer ranges, calibrations and accumu-
lated test time. Time Interval data summaries were also used. The resultant
data presentations were the basis for performance evaluations.

(U) A CEC Model 5-133 thirty-six channel direct recording
oscillograph provided an immediately available recording suitable for rapid
visual analysis in addition to providing accurate backup test data. Tran-
sient operating conditions were evaluated from this record. Twenty-four
galvanometers were normally used for data recording on this machine, employ-
ing galvanometers with a nominal 600 Hz frequency response. In addition,

10 events-channel galvanometers were used for data correlation.

(6) Process Control

(U) Switch and lamp indicator control panels were used for
manual operation of valves and equipment in the test bays. A 28 volt DC
facility power supply provided operating voltage for this function. For
electric loading manifolds used with dome loaded pressure regulators, multiple
throw toggle switches were used. In addition, a variety of special control
and functional panels were available for facility purposes and for special-
ized applications.

(U) A forty-nine channel patch board and relay controller
or sequencer were vsed to provide automatic, preset programming for the wide
variety of experimental apparatus employed. Twenty channels of solid-state
timers provided the timing functions for this programmer. The unit, designed
for flexible operation, was set up to provide automatic shutdown in the event
of malfunction in the test apparatus.

c. Micromotor Design

(U) The construction of a test apparatus that would realistically
simulate mission hardware and, simultaneously, provide all desired small-scale
experimental information required a few approximations and several novel design
features. The combustor components of the micromotor included the primary
bipropellant injector, the igniter injector, the jacketed primary combustion
chamber and nozzle, the secondary air injector, and the jacketed secondary
combustion chamber and replaceable nozzles. A sketch of the assembled, two
stage combustor is shown in Figure 4.

(1) Primary Bipropellant Injector

(U) The injector designed for these tests, shown in Figure 5,
was a simple triplet configuration with two oxidizer streams impinging at 90°
on a single fuel stream. At total propellant rates on the order of 15 gm/sec,
orifice sizes of 0.018 in. (oxidizer) and 0.020 (fuel) were required.
Impingement was checked before each test firing and e-cellent mixing and
atomization were attained, as shown in Figure 6. With the propellant combina-
tion under study, no deterioration of the injector occurred after 22 test
firings. This unit was fabricated from Type 347 stainless steel.

16
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Figure 5. Primary Bipropellant Injector (2 Ox on 1 Fuel Triplet)
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Figure 6. Hydrotest of Primary Bipropellant Injector
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(C) Mixtures of pentaborane and hydrazine tend to detonate
rather than to ignite smoothly; therefore, an auxiliary igniter was used.
This consisted of a nitrogen tetroxide stream directed at the basic propellant
impingement point. An N,0, lead, followed by N,H, at approximately 50 millisec,

with subsequent B injection at 150 millisec, proved to supply positive igni-
5

tion. With two exceptions, smooth basic propellant ignitions were obtained in
the tests. 1In one of the two instances noted, a pressure spike occurred at the
time of pentaborane injection, resulting in a bulged injector-connection and
an over-ranged pressure transducer. No damage occurred in the second instance.
This phenomenon did not recur although sequencing was not changed.

(U) With small flow-rates sequencing can only be approximated
mathematically. Thus, several firings were made to establish correct timing
for valve actuation. An Aerojet-designed electronic sequencing system, with
malfunction shutdown control, was programmed for these tests.

(2) Primary Combustion Chamber

(U) The primary combustion chamber, shown in Figure 7 before
assembly, was designed with a characteristic length (L*) of 312 in. Although
an L* of 50 to 80 in. may have been more realistic, such a small length is
inordinately difficult to use at low flow-rates. The primary chamber was
approximately 6 in. long (injector-to-throat) and 0.90 in. in dia. A throat
dia of 0.125 in. was used throughout, the convergent zone being 30° half-
angle and the divergent zone 15°. Nominal primary chamber pressure was
425 psia.

(U) The primary combustion chamber was inserted into a cool-
ing-water jacket, shown in Figure 8. Water cooling was employed to prevent
primary chamber burnout and provided heat-rejection data for the measurement
of heat-losses in the primary combustion process.

(3) Secondary Air Injector

(U) The air injector was fabricated in such a manner as to
form a short portion of the expansion section of the primary nozzle. Figure 9
is a photograph of the assembled primary combustor and secondary air injector.
The air was introduced into the secondary chamber at three locations at 45-
degree angles to the axis of the secondary chamber at a position just aft of
the exit plane of the primary nozzle. The velocity of the inlet air was
adjusted to approximately Mach 0.4 by means of orifice inserts in the air
inlet ports. Previous experimental work at Aerojet had shown that this
condition provides near-optimum aerodynamic mixing.

(4) Secondary Combustion Chamber

(U) The wide variety of test conditions encountered in the
test program required an unusually high degree of flexibility in the design
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of the secondary combustion chamber. WNominal chamber pressures were 50 psia
and 200 psia and nominal air-to-propellant ratios were in the range 8:1 to
40:1. These widely varied conditions necessitated frequent interchange of
secondary nozzles. Fabrication of the secondary combustion chamber in two
sections facilitated the interchange of nozzles and the measurement of post-
test throat diameters.

(U) The secondary combustion chamber, shown in Figure 10
before assembly, consisted of a 1.87-in. ID, jacketed tube flanged at both
ends. The nozzle section of the secondary chamber is shown in Figure 11
before assembly. The graphite nozzles were inserted into the short jacketed
tube and rested against the steel retaining ring. The mating flanges which
joined the two sections were constructed so that the cooling water flowed
uniformly throughout the secondary chamber, thereby preventing the develop-
megnt of hot spots.

(U) The overall length of the secondary combustion chamber
varied somewhat with the secondary nozzle size. For the small-throated
nozzle (0.315 in. dia throat) the secondary combustion chamber length was
about 16 in. and for the large-throated nozzle (1.260 in. dia throat) the

length was about 18.in. The L* values for these extremes were 585 and 43 in.,

respectively.

(U) High density graphite (ATJ) was chosen for the nozzle
material because of its superior high-temperature qualities and because its
inherent lubricity tends to resist the adhesion of liquid and solid combus-
tion products. In the high air-to-propellant regime, erosive oxidation of
the nozzle was expected; however, post-firing inspection indicated that the
nozzles were in excellent condition and no perceptible erosion had occurred.
Figure 12 is a photograph of several of the nozzles used and illustrates
their excellent condition after several tests with each.

(U) Temperature profile measurements in the secondary com-
bustion chamber were also made during the test program. In order to accom-
plish these measurements, another secondary chamber section was fabricated
with the same overall dimensions as that described above, but with additional
provision for inserting thermocouples into the combustion chamber. The ther-
mocouple ports were placed in pairs at four equally spaced locations along
the length of the secondary chamber. One of each pair of thermocouples was
in line with one of the air inlet ports in the air injector, while the other
thermocouple of each pair was located midway between air inlet ports.

(U) A third secondary combustion chamber was designed to
permit the measurement of gas and particle cloud temperatures at three
separate locations. These measurements were to employ the Spectral Compari-
son Pyrometer. A discussion of this portion of the program and the. secondary
combustion chamber designed for the measurements is contained in Appendix I
of this report.
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d. Exhaust Handling and Sampling Equipment

(U) An important part of the present study was the determination
of the extent of combustion of the boron nitride and boron formed in the
initial hydrazine/pentaborane combustion reaction. This determination was |
made by collection and analysis of the exhaust from the secondary combustor.
The combustion products formed during the initial, transient portion of the
test were exhausted to the atmosphere. When the steady-state condition was
achieved in the combustor, the exhaust was diverted through the main filtra-
tion unit for collection of the solid products.

E T S

(U) 1In addition to the combustion of the boron nitride and boron £
in the secondary combustion chamber, further oxidation, i.e., post-oxidation,
of these materials downstream of the nozzles was considered to be possible.
The occurrence of post-oxidation would have affected the interpretation of
the analytical data. Consequently, provision was made for determining the
extent of post-oxidation, if any, in the system.

(U) The main exhaust filtration unit was used to collect the

entire solid combustion product from the steady-state portions of the test :
firings. The high maximum exhaust rate, 29 cu ft/sec, necessitated a large i
filter area. Therefore, a significant reduction of the exhaust temperature !
was required to achieve a.practical filter size. A section of water-cooled

exhaust duct was fabricated for this purpose and consisted of 11 ft of 1.90 in. .
ID stainless-steel tubing enclosed in a cooling-water jacket. An additional i
15 ft of air-cooled duct, 2 in. ID, was fabricated to provide additional cool-
ing nf the exhaust stream before filtration. The main exhaust diversion valve,
a pneumatically-operated, 2 in. ball valve, was mounted between these two sec-
tions of exhaust duct.

(U) The main exhaust filtration unit was compartmented so that
the wide range of exhaust flow rates could be accomodated. The unit was
constructed to permit the use of three 12-in. dia by 6 ft long glass fiber
filter bags or three 6-in. dia by 6 ft long filter bags or any combination
thereof. The manifold ports leading to the bag mounting rings were provided
with covers to permit the selection of the number of bags used.

(U) In addition to the solid exhaust samples collected in the
main filtration unit, two auxiliary samples of both solid and gaseous products ,
were taken at two locations along the exhaust duct. Pitot-type sampling 1N
flanges, shown in Figure 13, were placed just aft of the secondary nozzle
! and at the aft end of the water-cooled section of the exhaust duct. A sketch
] of the Pitot taps in this configuration is shown in Figure 14. During the
- steady state portion of the test firings, samples of the exhaust stream were
drawn through the Pitot taps, passed through Millipore filters for collection
i of the solids and into gas sample cylinders.

S ]
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Figure 13. Exhaust Sampling Flange
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e. Instrument Calibration

(U) The accurate determination of characteristic velocity from
test data requires the careful calibration of the instrumentation. The three
parameters of greatest significance are: (1) chamber pressure, (2) throat
area, and (3) the mass flow rates of the propellants and air. The signifi-
cance of errors in the measurement of these parameters has been examined and
is presented in Appendix II of this report.

(U) The measurement of the mass flow rates of the primary pro-
pellants and air was given special attention, because of the very small flows
used. The devices used for these measurements were calibrated at various
times during the course of the test program to assure the accuracy and pre-
cision of the measurements.

(U) Throughout the test program the flow rate of pentaborane was
measured by means of a paddle wheel flowmeter. However, because of the toxic
and pyrophoric character of pentaborane, calibration of the flowmeter was con-
ducted using hexane as the fluid. The choice of hexane as the substitute
fluid was based on the fact that its physical properties are very nearly the
same as those of pentaborane.

(U) In the early tests some difficulty was encountered in con-
trolling the flow of pentaborane. The flow rate of pentaborane was dependent
on the pressure drop in the propellant line to the injector and was subject
to change as the primary chamber pressure changed. A cavitating venturi,
introduced into the propellant line downstream of the flowmeter, eliminated
the difficulty.

(U) Extensive calibration of the pentaborane flowmeter was con-
ducted under a variety of conditions. The results of these calibrations are
illustrated graphically in Figure 15. Two cavitating venturis were used to
control the pentaborane flow. The flowmeter was calibrated with each of these
venturis in the system to give the composite calibration shown in the figure,

(U) The flow rates of hydrazine were measured by means of cavi-
tating venturis. TIwo venturis were used, thereby providing two ranges of
flow rates. These devices were calibrated directly using hydrazine at
several times during the test program. The results of these calibration
experiments are presented in Figure 16.

(U) The secondary air and nitrogen flow rates were measured by
means of sonic orifices located between the storage tank and air heater.
The flow rate was controlled by regulating the pressure on the upstream side
of the sonic orifice. Measurement of the air temperature and pressure up-
stream of the orifice along with the calibration data for the orifice per-
mitted the determination of air flow rate. The orifices were calibrated
against standard orifices using nitrogen in the pressure and temperature ranges
employed in the test program. These calibration data are presented in Figure 17.
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£. Preliminary Facility Tests

(U) Several types of preliminary tests were conducted to deter-
mine suitable operating conditions. Air heater “ests were conducted to
establish the air-heater operating procedure and the specific power-supply
control requirements. A series of tests was conducted to establish a suit-
able procedure for the operation of the primary ignition and combustion
system. Two air-heater tests were conducted to determine a suitable operat-
P ing procedure and power-supply requirements to assure the achievement of the

desired gas inlet temperatures at the various desired flow rates. The proce-

- dure developed from these tests consisted of the following: (1) the power
supplied to the air-heater was adjusted to preheat the heater wall to a pre-

determined temperature, (2) the desired mass flow of air (or nitrogen) was

established, and (3) the power supplied to the heater was readjusted to a

value which brought the air to the desired temperature (as measured at the

secondary air-ingector). The flow of water in the primary and secondarw
chamber cooling-jackets was started as the alr flow was established.

(U) Six preliminary test firings of the primary ignition and
combustion system were conducted with the following objectives: (1) to
establish the sequence of propellant valve actuation which provided a smooth
start-transient for the ignition system (N204-N2H4), (2) to establish the

pentaborane injection time which provided a smooth transition from igniter
combustion to the N,H,-BsHg combustion, and (3) to achieve desirable pro-

pellant flow rates by establishing values of flow control parameters. The
results of these initial tests are summarized in Table I.

2. PHASE II, DETERMINATION OF COMBUSTION CHARACTERISTICS IN
AIR OF EXHAUST PRODUCTS OF THE 'PENTABORANE/HYDRAZINE SYSTEM

(U) This portion of the program was directed toward the experimental .
determination of the combustion efficiency in air-augmented hydrazine/penta- 1
borane system. The tests were conducted under conditions designed to simulate
certain flight conditions. The temperature and pressure of the secondary air
were varied to simulate two flight conditions: (1) Mach 2.5 at sea level and i
(2) Mach 4.0 at 40,000 ft altitude. The air-to-propellant weight flow ratio
was varied over the range 8:1 to 50:1. Tests were also conducted using nitro-
gen instead of air as the secondary gas to provide base-line data for compari-
son of the effect of air-augmentation.

(U) The program objectives were accomplished by the acquisition of
three different types of experimental data: (1) the measurement of the 1
parameters required for the determination of characteristic velocity, i.e.,
propellant and air flow rates, primary chamber pressure, secondary chamber
pressure, primary and secondary nozzle throat areas; (2) the determination
of the composition of the secondary exhaust by collection and analysis of
both the solid and gaseous exhaust products; and (3) by measurement of the
temperature profiles along the secondary combustion chamber.
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TABLE I

- e ma—- -

Test Mixture w Pl
Number Propellants Ratio (g/sec) (psia) Remarks
001 N9O4-NoH, 2.28 25.5 315 Smooth Start Transient
002 N°°4'N2Ha 2.21 26.1 290 Smooth Start Transient
& R . P . (a)
003 N204 NzH4 BSH9 Malfunction
004 N204-N2H4 0.7« 15.8 450 Smooth Start Transient
005 N204-N2H4 0.97 15.7 465 Smooth Start Transient
006(b) N,0,-N_H 0.98 15.7 --- Smooth Start and
2°4 274 ;
N2H4-35H9 1.34 13.9 455 Smooth Transition

(a) Overpressure shutdown caused by B5H9entering chamber before N2H4.

(b) Test 006 was conducted without secondary combustion chamber.
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(U) The heat rejection rates were also determined in the tests to
obtain more reliable correlations of the experimentally determined values of
characteristic velocity with the theoretical values. These data were deter-
mined from the measured flow rates of cooling water and the measured tempera-
ture rises of the water streams in the primary combustion chamber cooling
jacket and the secondary combustion chamber cooling jacket.

(U) A total of seventeen tests were conducted under the variety of
conditions outlined above. The results of these tests are presented and
discussed in the following sections.

a. Performance of the Hydrazine/Pentaborane Bipropellant System

(U) The chiel objective of the program, as stated earlier, was
to study the combustion characteristics of the air-augmented hydrazine/penta-
borane systewm. However, the experimental test apparatus was designed and
constructed in such a manner that the performance of the primary bipropellant
system could be studied simultaneously. The results of that portion of the
study are presented in this section.

(U) The experimental test data obtained in the primary system
during the test program are presented in Table II, along with the experi-
mentally determined values of characteristic velocity. Heat-rejection rates
in the primary combustion chamber were also determined and were used for making
heat-‘'oss corrections in the calculation of the theoretical values of c¥*,

(C) Theoretical thermochemical evaluation of the N,H,/BgHg bipro-
pellant system predicts that the only exhaust products are boron nitride and
hydrogea at the stoichiometric mixture ratio 1.27, utilizing the combustion
reaction represented by Equation (1):

2.5 N, H, + BgHg 5 BN + 9.5 B, . 1)

Optimum performance is also predicted to occur at this stoichiometric mixture
ratio, as illustrated in Figure 18,

(C) An extensive investigation (References 1 and 2) of this sys-
tem was conducted earlier, utilizing a variety of chemical and physical
methods. The results of that investigation, which included micromotor
tests with exhaust sampling and analysis, indicated that the combustion
reaction does not occur in accordance with Equation (l1). Instead, the
evidence indicated that the combustion reaction actually occurring (at a mix-
ture ratio of 1.27) could best be represented by Equation (2).

2.5 NpH, + BsHg = 4 BN + B + 8.75 Hy + 0.5 NH3 + 0.25 N, (2)
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Equation (2) can be seen to be the resultant of Equations (3) and (4).

2.0 N H4 + BSH9 +4BN+B+8.5 H2 (3)

2

, ? 0-25 N, +0.25 H, + 0.5 NH, (%)

0.5 NZH
On the basis of these reactions, optimum performance is predicted to occur at
the new stoichiometric mixture ratio, 1.0l1, as shown in Figure 18,

(U) In the present study, the experimentally determined values
of the primary c* were compared with the theoretical values obtained on the
basis of both combustion reactions. The theoretical values presented in
Table II include the correction for the measured heat rejection rates in
the primary chamber up to the nozzle throat.

(C) Examination of the data presented in Table II shows that
primary combustion efficiencies, based on theoretical c* for Equation (2),
are of the order of 80-90% with an average of 85.2%. These results are
in agreement with the results obtained in the earlier study (Reference 2).

(U) Four tests were conducted using nitrogen instead of air as
the secondary gas. The chief purpose of these tests was to provide base-line
data for comparison with the c* performance obtained in the corresponding air-
augmented tests. However, these tests also provide an independent check of
the primary c* efficiencies obtained directly.

(C) Table III presents the primary c* efficiencies obtained in
these tests along with the c* efficiencies determined in the secondary
chamber. Comparison of these results indicates that the efficiency of the
hydrazine/pentaborane combustion in this micromotor is on the order of 85%,
in good agreement with the results obtained directly from the primary com-
bustor data.

(U) These data also serve as a check on the reliability of the
experimental test apparatus and the validity of calibration data. Incon-
sistencies in the results would indicate the existence of errors in the
calibration data or measured parameters. The internal consistency of the
data, therefore, indicates the absence of major errors.

(U) The minor variations in the c* efficiencies obtained by the
two methods are random and suggest the existence of small random variations
in the reproducibility of the measured variables. Comparison of the standard
deviations of these two sets indicates that these small random variations have
a greater impact on the results obtained from primary chamber measurements.
However, inasmuch as the "true' combustion efficiencies may have varied within
each set, the values of the standard deviations cannot be used as an index of
the true precision of measurement. Appendix II of this report presents an
error analysis which indicates the accuracy and precision of both the primary
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TABLE III

CHARACTERISTIC VELOCITY EFFICIENCY OF THE HYDRAZ INE/PENTABORANE
SYSTEM IN THE LABORATORY MICROMOTOR USING NITROGEN AS THE SECONDARY GAS (U)

Test c* Efficiency, %
Number Primary Chamber Data Secondary Chamber Data
102 89.2 86.5
112 77.0 82.9
119 87.9 86.4
121 83.8 85.4
Average 84.5 85.3
Standard Deviation #5.5 +..7
41
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(This page is unclassified)

and secondary c* measurements. The error analysis indicates that the probable
error in the accuracy of the primary c* value is approximately 2%, while the
probable error in the accuracy of the secondary c* value is approximately 1.5%.
Therefore, the accuracy of the c* determinations is acceptable in both the
primary and secondary systems.

(U) In several tests, nctably Tests 105 and 108, the primary
combustor operated in a subsonic mode because of high secondary chamber
pressures. Inasmuch as the use of c* data as an index of performance is
based on the assumption of sonic flow in the throat, values ¢f c* which are
calculated under subsonic throat conditions are invalid. The informaiion
required to determine whether sonic flow is obtained at the primary throat
is provided in the computation of the theoretical c* performance. 1In the
course of the computation, the primary throat pressure which corresponds to
"choked" or sonic flow in the throat is calculated. Examination of the
computed pressure data indicates that, in order for sonic flow to be achieved
at the primary throat, the ratio of throat pressure to primary chamber pres-
sure must be less than about 0.6. Therefore, if downstream pressures (secon-
dary chamber pressures) are too high, then the primary throat pressure will
be too high also, and the critical pressure ratio (throat-to-primary chamber)
will be exceeded.

b. Performance of the Air-Augmented Hydrazine/Pentaborane System

(U) The principal effort on the test program was directed toward
the determination of the characteristics of the secondary combustion in air
of the exhaust of the hydrazine/pentaborane system. The test data obtained
are presented in Table IV. These data were used to derive the values of the
various parameters presented in Table V.

(U) The tests have been separated into two classes, based on
the simulated flight regime. Thus, tests simulating Mach 2.5 flight at sea
level utilized inlet air temperatures near 80G’F and secondary combustion
chamber pressures near 200 psia. Tests simulating Mach 4.0 flight at 40,000 ft
altitude utilized inlet air temperatures near 1500°F and secondary chamber
pressures near 50 psia.

(U) The characteristic velocity of the secondary combustion
system was determined for each of the tests. Heat rejection rates in the
secondary combustion chamber were also determiued.

(U) The products resulting from the primary reaction include
boron nitride, boron, hydrogen, ammonia, and nitrogen according to Equation (2).
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TABLE V
TEST PARAMETERS DERIVED FROM TEST DATA (U)
Test® Simulated Mach No. Primary ~ Air-to-Propellant
Number Sea Level 40,000 ft Mixture Ratio Ratio
'
102N 2.64 1.16 7.41
105 2.64 1.78 9.38
106 2.85 1.23 8.16
| 107 2.37 1.48 18.03
108 2.50 2.79 52.2
| 111 2.54 1.32 40.6
112N 2.69 1.01 6.89
113 2.67 1.21 7.63
115 2.68 1.07 14.69
120 2.65 1.34 8.11
121N 2.64 1.32 7.59
117 4.25 1.24 15.93
118 4.53 1.25 8.11
119N 4.47 1.25 7.91
122 3.95 1.33 17.27

o

a - Tests in which nitrogen was used as the secondary gas are
identified by N following the Test Number.

R
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Consequently, the secondary combustion of these exhaust products in air will
procéed according to Equations (4) and (5).

//;72.5 B,04 + 8.5 H20 + 2.0 N2
4.0 BN + B + 8.5 H2 + 8.0 O2 %)

s g HBO, + 6.0 Hy0 + 2.0 N,

(U) The theoretical values of c* wer= calculated on the basis
of the achievement of chcmical thermodynamic equilibrium of all species pre-
sent in the secondary combustion chamber, in accordance with the reactions of
Equations (4) and (5) and other equations of minor significance. Theoretical
calculations were made both with and without the heat-loss correction, based
on the measured heat rejection rates.

(U) The results of the tests in the sea level/Mach 2.5 regime
are presented in Table VI along with the pertinent test parameters. The
corresponding tests using nitrogen as the secondary gas are also presented.

(C) These results indicate that in the low altitude/moderate
Mach number regime, the secondary combustion of the hydrazine/pentaborane
exhaust products, including the solid boron nitride and boron, proceeds very
nearly according to theory. Comparison of the secondary efficiencies in the
tests using nitrogen with those obtained using air indicates that the boron
and boron nitride are consumed. Whereas the primary performance, as reflected
in the c* efficiencies of the nitrogen tests, is significantly less than
theoretical, the secondary performance in the air tests is very high.

(C) These results also indicate that the secondary combustion
efficiency remains high as the air-to-propellant ratio is increased. The
theoretical chamber temperature is very significantly reduced as the air-to-
propellant ratio is increased. If the high chamber temperatures were required
for efficient combustion of the boron and boron nitride, then the quenching
effect resulting from increasing the air-to-propellant ratio would be reflected
in a loss of efficiency in the secondary chamber. As the experimental results
do not indicate a significant reduction in efficiency, it can be concluded that
the quenching effect of the incoming air does not significantly reduce effi-
ciency at air-to-propellant ratios up to about 50 in the sea level simulation
tests. However, see the chemical analytical data reported in the next sec-
tion (Tables VIII and IX).

(U) The results of the tests in the Mach 4.0/high altitude
tests are presented in Table VII along with the pertinent test parameters.
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The results obtained in the corresponding nitrogen test are also included for
comparison.

(C) Comparison of the data obtained using nitrogen with those
obtained using air indicates that the combustion of the hydrazine/pentaborane
exhaust products does occur. At the higher air-to-propellant ratio, 16:1, no
significant change in efficiency is observed.

(C) A slightly lower combustion efficiency was achieved in the
secondary combustion reaction in the high altitude/high Mach number regime
than was obtained previously in the low altitude/moderate Mach number regime
at comparable air-to-propellant ratios. This lower efficiency was observed
to occur in spite of the slightly higher chamber temperature in the higher
Mach number simulation.

(C) Simulation of low altitude/Mach 2.5 was accomplished in the
test program by supplying air heated to approximately 800°F at a chamber
pressure of about 200 psia. On the other hand, simulation of hi h altitude/
Mach 4.0 was accomplished by supplying air at appreximately 1500°F at a
chamber pressure of about 50 psii. Two important parameters were varied
simultaneously: (1) temperuiure of the secondary air and (2) secondary
chamber pressure. Therefore, changes observed in the secondary combustion
efficiency must be related (directly or indirectly) to changes in these two
parameters. As mentioned previously, however, the effect of the increased
chamber temperature has little effect on combustion efficiency in the low
altitude tests. Consequently, the secondary chamber pressure and parameters
directly related to secondary chamber pressure appear to be factors which
determine the efficiency of the combustion re .ction.

C. Chemical Analysis of Secondary Exhaust Products

(U) Samples of both the solid and gaseous exhaust products were
collected in several oL the tests. Two Pitot-type sample taps were inserted
in the exhaust duct at widely separated locations; the first tap, Sampling
Station 1, was located immediately downstream of the secondary nozzle while
the second, Sampling Station 2, was located approximately eleven feet down-
stream of Sample Station 1, at the exhaust diversion valve at the end of the
water cooled exhaust duct. In addition, the main body of the solid exhaust
products were collected in a glass fiber bag filter, Sampling Station 3,
located fifteen feet downstream of t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>